Purpose
INTRODUCTION

E
nergy drink sales for 2007 reached an estimated $6.6 billion in the United States alone, up approximately 440% from 2002 and expected to surpass $9 billion by the year 2011, with teens and young adults making up the largest consumer category (1) . However, sparse data exist to support the efficacy and safety of these products when consumed chronically by active or sedentary populations, despite many of these products containing $200 mg of caffeine per serving (25) . Instead, although some acute ingestion data have been published (2) , direct and implied marketing claims of improved performance, mental acuity, and energy, improved mood and fat loss remain largely unsubstantiated for the majority of commercially available energy drinks. Safety of chronic use of commercially available energy drinks also has never been tested, to the best of our knowledge. It is appropriate that clinical concerns have been raised regarding safety, including ingestion of such products prior to or during exercise (7, 8) . Clauson et al. (7) , for example, expressed concerns of cardiovascular complications arising from preexercise energy drink consumption.
Previous research out of our labs (9) has reported that acute oral ingestion of a commercially available, low-calorie energy drink (Celsius, Celsius, Inc, Delray Beach, Florida, USA) significantly increased resting energy expenditure (REE) and serum free fatty acid (FFA) appearance in healthy collegeaged adults. Compared to placebo, the energy drink significantly increased REE (kcal/day) by approximately 10% at 120 minutes postingestion and was sustained at 180 minutes. At 30, 60, 120 , and 180 minutes postingestion, circulating FFA concentrations also were significantly elevated compared to placebo. It was concluded that the energy drink may be an effective stimulus to promote weight loss and changes in body composition, independent of modifications in diet or exercise (9) . Roberts et al. (25) later examined the efficacy and safety of chronic ingestion of the same energy drink versus placebo over a 28-day period and also found a significant increase in FFA concentration in response to the energy drink. Of note, the increase in FFA appearance was similar at Day 1 and 29 of energy drink consumption; Roberts et al. concluded that prolonged consumption of the energy drink up-regulated lipolysis. Furthermore, PRE-and POST-intervention blood and serum assays revealed no significant differences between groups for all hemodynamic parameters or serum clinical chemistry/CBC markers tested.
Thus, the purpose of our investigation was to assess the effects of 10 weeks of once-daily consumption of Celsius, either alone or in combination with 5 days per week aerobic and resistance exercise, on body composition, cardiorespiratory fitness and health, upper-and lower-body strength, safety, and mood in previously sedentary but otherwise healthy adult males adhering to an ad libitum diet.
METHODS
Experimental Approach to the Problem
This study involved a minimal nutritional intervention, placebo-controlled, blinded, randomized design to simulate ''real world'' use of a commercially available, low-calorie energy and thermogenic beverage (Celsius, Celsius, Inc.), consumed once per day for 10 weeks, either alone or in combination with 5 days per week combined aerobic and resistance exercise. Subjects were randomly assigned into 1 of 4 groups: energy drink + exercise (EX-A), energy drink only (NEX-A), placebo + exercise (EX-B), or placebo only (NEX-B). Body composition testing and donation of blood occurred on day 1 of week 1 (PRE; or before) and week 12 (POST; or after), after a minimum of 48 hours of abstinence from strenuous physical activity and a 12-hour fast. Cardiorespiratory and strength testing were conducted not less than 24 hours subsequent to PRE and POST blood donation. A minimum of 15 minutes of rest between completion of cardiorespiratory testing and initiation of upper-body strength testing was allowed for all subjects.
Subjects
Forty sedentary (,30 minutes of physical activity per week) men, 18 to 45 years of age, volunteered to participate in this study. Each participant was assessed by routine medical screening for inclusion. Participants were excluded if they reported or exhibited the following: (a) a history of medical or surgical events that may significantly affect the study outcome, including cardiovascular disease, metabolic, renal, hepatic, or musculoskeletal disorders; (b) use of any medicine that may significantly affect the study outcome; (c) use of nutritional supplements, other than a multivitamin/mineral, in the 4 weeks prior to the start of the study; or (d) participation in another clinical trial or ingestion of another investigational product within 30 days prior to screening. Data from 1 subject within the exercise + placebo group was removed from analysis because of noncompliance to the exercise intervention. Two subjects within the energy drink-only group were lost from the study: 1 subject failed to consume the drink while on vacation, and the other subject moved away. Therefore, of the 40 volunteers, 38 subjects completed the study and data from 37 subjects were used for analyses (see Table 1 for ''Descriptive Statistics at Baseline''). This study was approved by the University of Oklahoma Institutional Review Board for Human Subjects, and written informed consent was obtained from each participant prior to testing.
Procedures
Energy Drink Intervention. All participants were instructed to consume 1 drink per day, for a total of 70 consecutive days (10 weeks). Participants in EX-A and EX-B reported to the Nutritional Analyses. All participants were instructed to maintain prestudy, ad libitum dietary habits and asked to provide 3-day food logs during pretesting and each week of testing for a total of 11 weeks of food logs. Each food log included 2 nonconsecutive weekdays and 1 weekend day and was used to represent subjects' average weekly diets. Food logs were analyzed for total energy (kcal), macronutrient, micronutrient, trace element, and caffeine content using Food Processor Version 8.6.0 (ESHA Research, Salem, Oregon, U.S.A.).
Body Composition. Body composition was determined, and test-retest reliability was quantified, as previously described by Lockwood et al. (18) , with 1 modification-body volume was measured by hydrostatic weighing as described by Moon et al. (22) . All body composition assessments were performed on the same day following a 12-hour fast (water intake was allowed up to 1 hour prior to testing). Hydration status was determined using specific gravity via handheld refractometry (Model CLX-1, precision = 0.001 6 0.001, VEE GEE Scientific, Inc, Kirkland, Washington, USA) prior to all body composition measurements. Specific gravity values indicated all subjects were properly hydrated during both PRE (1.022 6 0.007) and POST (1.021 6 0.007). Fat mass (FM), percent body fat (%FAT), and fat-free mass (FFM) Cardiorespiratory Measurements. Blood pressure and resting heart rate were determined after 15 minutes of supine rest using an electronic sphygmomanometer (HEM-773AC, Omron HealthCare Inc, Vernon Hills, Illinois, USA). Subjects then were fitted with an electronic heart rate monitor and escorted to the metabolic lab to perform a 20 W/min ramp peak cardiorespiratory test, as previously described by Rossiter et al. (26) , using a Corival 906900 (Lode B.V. Medical Technology, Groningen, The Netherlands) upright cycle ergometer. Respiratory gases were monitored and continuously analyzed with open-circuit spirometry using a calibrated metabolic cart and manufacturer's software (True One 2400, Parvo-Medics, Inc, Provo, Utah, USA). Data were averaged over 15-second intervals, with the highest 15-second oxygen consumption, minute ventilation, and heart rate recorded as the peak oxygen uptake (VO 2 peak), peak minute ventilation (VE), and maximum heart rate (HRmax), respectively. Ventilatory threshold (VT) was determined as the steady-state point at which oxygen uptake equaled carbon dioxide expiration. Total time-to-exhaustion (TTE), VO 2 at VT, energy expenditure at VT, and power output at VT also were recorded and used for analyses.
Strength Measurements. After a brief warm-up, each participant completed successive sets of one repetition attempts with increasing loads, allowing 2 to 3 minutes of rest between trials until a 1-repetition maximum (1RM) was achieved for upper-and lower-body strength (bench and incline leg press, respectively).
Clinical Safety Analyses. Prior to exercise testing, during weeks PRE and POST, and following a minimum 12-hour fast and 48-hour abstinence from strenuous exercise, subjects reported to the University Health Center to donate blood and serum. Samples were separated by centrifugation and shipped to Laboratory Corporation of America (Oklahoma City, Oklahoma, USA) for analysis. All samples were assayed for comprehensive metabolic panels and blood lipids, including serum glucose, uric acid, blood urea nitrogen (BUN), creatinine, BUN/creatinine ratio, sodium, potassium, chloride, carbon dioxide, calcium, phosphorus, total protein, albumin, globulin, albumin/globulin ratio, bilirubin, alkaline phosphatase, lactate dehydrogenase, aspartate aminotransferase, alanine aminotransferase, gamma-glutamyl transpeptidase, iron, total cholesterol, triglycerides, high-density lipoprotein (HDL) cholesterol, very low-density lipoprotein (VLDL) cholesterol, low-density lipoprotein (LDL) cholesterol, and LDL/HDL ratio. Whole blood was analyzed for white blood cell counts; red blood cell counts; hemoglobin; hematocrit; mean cell volume; mean corpuscular hemoglobin; mean corpuscular hemoglobin concentration; red cell distribution width; platelets; mean platelet volume; and percent (%) and total (#) lymphocytes, monocytes, and granulocytes.
Qualitative Energy and Mood Assessment. All participants in EX-A and EX-B completed 6 Physical Activity Affect Scale (PAAS) questionnaires over the course of the 10-week training intervention: 1 immediately following the completion of the first aerobic and strength training session (days 1 and 2 of week 2); again at the midpoint of the 10-week training protocol (days 3 and 4 of week 6); and on the last 2 days of exercise training (days 6 and 7 of week 11). PAAS scores were averaged across weeks and were used to assess the influence of the energy drink on subjects' qualitative perception of positive effect, negative effect, fatigue, or tranquility in response to exercise as described by Lox et al. (19) .
Statistical Analyses. Separate 2-way repeated measures analyses of variance (ANOVA) [time (PRE vs. POST) 3 group (EX-A vs. NEX-A vs. EX-B vs. NEX-B)] were used to identify main effects for time and time*group interactions. If a significant interaction was observed, the statistical model was decomposed by examining simple main effects with 1-way repeated measures ANOVAs across groups and 1-way factorial ANOVAs across time. In the event of a simple main effect, Tukey post hoc comparisons were performed among groups; all pair-wise comparison dependent samples t-tests with Bonferroni corrections were performed across time (p # 0.0125). If there was no interaction, main effects were analyzed by collapsing across the noninteracting variable as described earlier for simple main effects. In the event of significant baseline differences of a dependent variable, as determined by multiple 1-way ANOVAs, homogeneity-ofslopes tests to determine the interaction between the covariate and factor were conducted to assess the between EX-A versus EX-B and NEX-B and from PRE to week 10 for NEX-A compared to EX-B and NEX-B.
Body Composition
Body composition results are presented in Table 2 
Cardiorespiratory Measurements
Results from peak VO 2 testing are presented in Table 3 and reveal significant (p # 0.05) time*group interaction effects across all variables measured, with the exception of VE and HRmax. PRE to POST measures in EX-B only improved significantly (p = 0.001) for TTE, whereas EX-A significantly improved (p # 0.010) across all dependent variables analyzed, with the exception of HRmax and energy EX-A = exercise + Celsius; NEX-A = Celsius only; EX-B = exercise + placebo; NEX-B = placebo only; HRmax = max heart rate; VE = peak minute ventilation; VO 2 peak = peak oxygen uptake; VT = ventilatory threshold; ES = effect size; 1-b = power.
Cardiorespiratory expenditure at VT (p = 0.027). Also of note, EX-A was significantly different (p # 0.004) from EX-B for both absolute and relative VO 2 peak (Table 3) . Individual response graphs for TTE and relative VO 2 peak reveal an increased positive responder rate to the intervention and, to a lesser degree, reduced variability among positive responders for subjects in EX-A versus EX-B (Figures 4 and 5) . 
Clinical Safety Analyses
Select blood and serum analyses are presented in Table 4 .
With the exception of a nonsignificant increase (+13.20%; p = 0.020) in fasted serum glucose from PRE to POST in EX-A, all clinical safety markers measured (including serum glucose) remained within normal fasted reference values for subjects within both energy drink groups. Results indicate an improved metabolic adaptation to exercise or no deleterious effects on hepatic, renal, cardiovascular, or immune function as a result of once-daily energy drink consumption (Table 4) . Instead, post hoc analyses revealed a trend (p = 0.021) toward greater exercise-induced stress and/or a reduction in adaptation capacity for subjects in EX-B (Table 4) ; creatinine increased by +7.93%, from PRE to POST, to slightly above the normal range of 0.6 to 1.2 mg/dL. All other fasted clinical safety markers tested, across all groups, were within standard reference ranges. Aside from some verbal reports of restless sleep by subjects within EX-A, no other adverse events were reported by participants consuming the energy drink and no adverse cardiorespiratory events were observed for subjects within the EX-A group during exercise sessions.
Energy and Mood Assessment
No significant (p . 0.05) interaction or main effects for time were observed for any of the 4 qualitative dependent variables measured: Positive effect, negative effect, fatigue, and tranquility. Post hoc analyses also revealed no significant differences within or between groups (EX-A and EX-B) across time.
DISCUSSION
Previous findings by Dalbo et al. (9) and Roberts et al. (25) suggest that chronic energy drink (i.e., Celsius) consumption may improve body composition via increased thermogenic and metabolic adaptations, with hemodynamic and blood chemistry effects comparable to placebo. Indeed, Roberts (29), and a 2 -AR activation is positively associated with fat cell size (20) . Physiological tolerance (''habituation'') as a result of chronic caffeine ingestion and sympathetic nervous system activation, although inconclusive (6, 10, 13, 23) , also may explain the apparently confounding results observed between the current study and previous research. For example, Dekker et al. (11) found that, whereas acute caffeine ingestion significantly increased serum free fatty acids (FFA) and epinephrine, there was a significantly decreased response after 14 days of caffeine ingestion. Similarly, Dalbo et al. (9) reported significant increases in FFA appearance up to 180 minutes POST energy drink consumption; however, Roberts et al. (25) found that FFA area under the curve (across 180 minutes postingestion) trended downward from Day 0 to Day 28 despite reporting sustained increases in resting energy expenditure (REE) and glycerol area under the curve. Thus, it is plausible the energy drink alone may increase short-term lipolysis but that decreased stimulation of lipolytic mechanisms may become observable after 28 days of chronic ingestion. If correct, a physiological tolerance and the presence of a refractory period arising between 4 and 10 weeks of chronic ingestion would be required to fully rectify the difference in mean changes for FM observed by Roberts et al. (25) and the NEX-A group of the current study. It is interesting that observance of such a refractory period may be suggestive of a cyclical dosing requirement for such caffeine-containing lipolytic agents to maintain efficacy in sedentary males-an unexplored area of research.
When the energy drink was combined with 10 weeks of progressive resistance and endurance training (EX-A), the lipolytic effects described by Dalbo et al. (9) and Roberts et al. (25) were maintained and a significantly augmented physiological response to the exercise intervention was observed (Tables 2 and 3) , notably, in body composition and aerobic capacity. With regard to the latter, it should be emphasized that POST exercise testing occurred a minimum of 72 hours after each subject's final day of the 10-week exercise intervention and, therefore, at least 72 hours after withdrawal from the energy drink. Van Soeren and Graham (31) reported no significant differences in VO 2 max in response to acute caffeine or placebo ingestion following 2 and 4 days of caffeine withdrawal. It cannot, therefore, be ruled out that active ingredient pharmacokinetics affecting fuel oxidation may have attributed to the significant between-group effects for VO 2 peak and VT within the current investigation. Furthermore, observance of a significantly (p , 0.001) increased VE and reduced diastolic blood pressure in EX-A support the theory of chronic caffeine ingestion resulting in habituation via up-regulation of adenosine receptors or sensitivity (28) . However, if the observed cardiorespiratory and health measures were solely the result of delayed clearance rates of energy drink actives or from habituation, significant changes within NEX-A and/or nonsignificant differences between EX-A and NEX-A would be expected.
It is noteworthy that in the absence of dietary intervention, exercise alone (EX-B) provided no appreciable benefit on measures of cardiorespiratory fitness or body fat reduction. Instead, EX-B only realized significant improvements on measures of anaerobic fitness, muscle mass, and strength. King et al. (17) proposed that compensatory events in response to exercise-induced increases in energy expenditure may largely explain nonsignificant changes in body composition from exercise-only interventions. For example, b-ARmediated lipolysis, such as occurs during exercise-induced catecholamine activation, has been shown to be impaired in obese vs. lean men (15) . Similarly, activation of a 2 -AR has previously been shown to be up-regulated in obese males in response to exercise and thus has been postulated as contributing to the failure of an exercise-only program at eliciting fat loss (29) . Therefore, it is plausible that, whereas the aforementioned mechanisms antagonized lipolysis in EX-B, addition of the energy drink may have increased lipolytic mechanisms via augmented b-AR activation and/or antagonism of a 2 -AR antilipolytic response. To the best of our knowledge there are no human data to support a 2 -AR antagonism arising from any of the ingredients contained within the energy drink tested. Sympathomimetics within the energy drink (caffeine, green tea, and guarana) may, however, explain any improved b-AR sensitivity (31) .
Cumulative thermogenesis-supported by previous work on the current energy drink (9, 25) and in similar research involving green tea-containing formulations (3,4,27,34)-also may explain the significant reduction in FM observed in EX-A. However, the aforementioned data cannot adequately address the improvements observed in cardiorespiratory function in EX-A. Instead, improved exercise recovery and immune function in response to antioxidant properties of green tea (30) or taurine (36) , supplemental vitamins and minerals, or indirect effects of caffeine on lymphocyte trafficking (5) may have contributed to the significant between-and within-group effects observed. For example, 6 g/day 3 7-day taurine significantly increased VO 2 max and TTE and significantly decreased markers of exercise-induced oxidative damage to DNA-an effect the authors contributed to the cell-stabilizing properties of taurine (36) . In fact, taurine previously has been reported as providing a significant hyperpolarizing (characterized by an increase in K + efflux) effect on guinea-pig cardiomyocytes and possibly contributing to a reduction in intracellular [Ca 2+ ] via antagonism of a-AR activation (12) . If such occurs in humans, antagonism of a-AR would, as discussed previously, help explain the greater fat loss in EX-A versus EX-B. Additionally, an improved rate of recovery from high [Ca 2+ ] ic also would provide support for the significant cardiorespiratory improvements observed in EX-A and possibly explain the group's significant increase in POST fasting plasma [K + ] (+8.35%; p = 0.004). Whether such physiological responses occur in humans and at the taurine dose provided within the current investigation (1 g/day) is entirely speculative, however.
Last, measures of energy drink safety on hepatic, renal, cardiovascular, and immune function, as assessed by PRE and POST blood work and blood pressure analysis, resulted in no assayed variables deviating outside established, normal fasted reference ranges for healthy adults. Specifically, measures either were generally improved (e.g., significant reduction in diastolic blood pressure and BUN:creatinine ratio in EX-A) or not significantly different from placebo, with the exception of a trend toward an increase in fasting serum glucose in EX-A (+13.2%; p = 0.020). If causal, one explanation may be that the energy drink impairs lipolytic signaling within the liver and muscles, preventing ectopically stored fat from being oxidized, as postulated by Yang and Smith (35) . However, if the aforementioned could indeed explain the increase in serum glucose, then a similar result would have been expected in NEX-A, as would higher blood triglycerides across both energy drink groups. Instead, the increase in fasting serum glucose is believed to be an adaptation to caffeine and/or b-AR agonists promoting an increase in hepatic glucose turnover (14) in response to sympathetic nervous system activation (i.e., fasting). In support, previous research has shown that caffeine ingestion results in increased blood (lactate -) arising from nonexercising muscle and that coingestion of caffeine and carbohydrate significantly increases the rate of muscle glycogen resynthesis in response to an exhaustive exercise bout (24) . However, until further research is available, it may be prudent that persons with clinical glucose metabolism deficiency abstain from chronic energy drink consumption prior to strenuous physical activity.
In summary, these findings (a) are the first to report longterm safety of chronic ingestion of a commercially available energy drink when consumed alone or in combination with exercise, and (b) both refute and support previous work by Dalbo et al. and Roberts et al. Demonstrating that, in the absence of energy restriction or other dietary controls, chronic ingestion of once-daily Celsius for 10 weeks provides no appreciable benefit on measures of body composition, cardiorespiratory fitness, or strength. However, when ingested preworkout, the energy drink significantly improves physiological adaptations to combined aerobic and resistance training in previously sedentary, overweight men.
PRACTICAL APPLICATIONS
At a practical level, the drink appears to be well tolerated and does not elicit any adverse events beyond some reported incidences of troubled sleep, either when consumed alone or when ingested once daily for 10 weeks and combined with regular exercise. It is surprising that, despite prior data that have shown the tested beverage to elicit increases in resting energy expenditure and free fatty acids when consumed acutely or for 28 days (9,25), the current study found no benefit on measures of body composition in subjects that just consumed the drink for 70 days. However, when the energy drink was consumed daily and combined with, and ingested 15 minutes prior to, exercise, significant improvements in body composition and cardiorespiratory fitness were observed. More interesting is that the observed changes occurred despite no modifications being made to the subjects' diets, there were no significant differences between groups for total caloric intake, and total aerobic training volume between the 2 exercise groups allowed for minimal variance. Thus, it could be suggested that consuming Celsius prior to regular exercise in previously sedentary, overweight men may yield more significant body composition and cardiorespiratory improvements than exercise alone.
